The formation of bacterial biofilms is initiated by cells transitioning from the free-swimming mode of growth to a surface. This review is aimed at highlighting the common themes that have emerged in recent research regarding the key components, signals, and cues that aid in the transition and those involved in establishing a more permanent surface association during initial attachment.
B
iofilms are composed of microorganisms attached to a surface (substratum or interface) in moist environments. The community of sessile cells is surrounded by a hydrated polymeric matrix of their own synthesis (27) . The formation of these bacterial communities is not random. Based on studies of single-species communities, biofilm formation is initiated with surface attachment by planktonic, free-swimming bacteria that, once attached, will grow into a mature form, which in some bacterial species is characterized by the presence of differentiated, mushroom-or pillar-like structures or microcolonies interspersed with fluidfilled channels. The developmental progression leading to a mature biofilm not only coincides with observable phenotypic changes but also requires alterations in gene expression. It is well recognized that biofilm cells differ from their free-swimming counterparts with respect to gene expression, protein production, and resistance to the immune system and antimicrobial agents (for reviews of biofilm developmental processes and regulation, see references 1, 107, 110, 122, and 147) . Biofilm-associated microorganisms have been shown to colonize a wide variety of manmade and medical devices and have been implicated in over 80% of chronic inflammatory and infectious diseases of soft tissues, including chronic otitis media, native valve endocarditis, gastrointestinal ulcers, urinary tract and middle ear infections, and chronic lung infections in cystic fibrosis (CF) patients (reviewed in references 28 and 38) .
Considering the growing appreciation for the need to prevent and control biofilms in the medical setting and beyond, this review focuses on the process that commences biofilm formation-bacterial attachment-and is based on studies of single-species communities on primarily inert surfaces. To that end, it addresses the roles in surface attachment of various determinants, including environmental conditions, bacterial cell surface features and polysaccharides, surface contact, and signaling molecules, with a particular emphasis on the underlying regulatory mechanisms. Given the broad nature of this topic, this review will highlight the common themes of attachment as a regulated response to environmental cues by focusing on more-thoroughly characterized systems governing attachment to surfaces.
WHY ATTACH IN THE FIRST PLACE?
Biofilms likely represent the prevalent microbial mode of existence in nature, with estimates suggesting that more than 90% of bacteria exist within biofilms (27, 49) . Considering the prevalence of biofilms, one has to wonder what makes the immobilized lifestyle so attractive to bacteria. Biofilms, as coordinated groups analogous to multicellular organisms, display increased rates of gene transfer, cooperation, and stratification. Thus, the sessile lifestyle affords bacteria multiple protective advantages and allows them to remain within a favorable environmental niche or host. Compared to free-swimming bacteria, biofilms are better adapted to withstand nutrient deprivation, pH changes, oxygen radicals, biocides, and antimicrobial agents (reviewed in reference 27).
With respect to attachment, the surface itself provides bacteria an advantage over the liquid above it, as any surface, regardless of chemical or physical properties (reviewed in reference 127), will absorb (macro)molecules. This absorptive layer, referred to as a conditioning film (reviewed in reference 39) , not only changes the physicochemical properties of the surface but also contributes to the accumulation of proteins, polysaccharides, and other molecules at the surface that provide a metabolically favorable environment for bacterial cells and serve as nutritional cues to trigger biofilm formation. In Pseudomonas aeruginosa, these cues are integrated by the catabolite repression control protein, which plays a role in the regulation of carbon metabolism and biofilm formation, as a crc mutant formed only a dispersed monolayer of cells devoid of microcolonies which are typical of mature biofilms of the wild-type strain (123) . One would therefore assume that an abundant supply of nutrients fosters attachment and biofilm formation. However, bacteria grown under high-nutrient conditions either fail to form biofilms or form loose, floc-like structures at the substratum that are easily disrupted with fluid shear (27, 31, 68, 97) . Instead, bacteria tend to form biofilms under low-nutrient or starvation conditions (17, 27, 97, 130) . For instance, Dewanti and Wong found that Escherichia coli O157:H7 biofilms developed on stainless steel chipped faster and contained a higher number of adherent cells when grown in low-nutrient media than when grown in tryptic soy broth (36) . The attachment-upon-starvation response has also been commonly observed for various bacteria, including pathogenic bacteria as well as those found in soil and the marine environment (4, 27, 65, 80, 81, 97, 134) . Increased biofilm formation under low-nutrient conditions is not limited to avail-ability of carbon sources, as limitations in nitrogen and phosphorous were also shown to correlate with increased biofilm formation. However, below certain thresholds, nutrient limitation may serve to impair adherence. Monds et al. (111) demonstrated that biofilm formation by Pseudomonas aureofaciens PA147-2 requires a threshold concentration of extracellular inorganic phosphate (P i ), with attachment being impaired below this threshold in a manner similar to that of mutants defective in P i transport.
These findings indicate that the decision by free-swimming cells to commit to a surface-attached lifestyle is highly regulated by environmental cues, with different bacteria responding to different signals. For instance, specific environmental factors may provide suitable carbon and energy sources or metabolic products, thus serving as indicators of favorable conditions for growth. Prüß et al. screened E. coli K-12 wild type and mutants cultured in 96-well polystyrene plates for the effect of multiple combinations of environmental conditions and carbon sources on biofilm formation (131) . The phenotype microarray experiments illustrated that carbon sources that are metabolized to acetyl coenzyme A, acetyl phosphate, and acetate are particularly supportive of biofilm formation. Moreover, strains inactivated in genes associated with acetate metabolism demonstrated reduced biofilm formation. The findings suggested that acetate metabolism functions as a metabolic sensor, transmitting changes in environmental conditions to mechanisms regulating biofilm biomass and structure (131) . Other nutritional cues have been shown to serve as building blocks of adhesins and polysaccharides that are directly perceived as signals that activate particular regulatory cascades. Vibrio cholerae is both an inhabitant of estuarine environments and the etiologic agent of the diarrheal disease cholera. Attachment by V. cholerae is enhanced by the presence of monosaccharides either by supplementation of the growth medium or by degradation of the polysaccharide surface (e.g., the chitinaceous surface of arthropods) to which the cells are attached (76) . A lack of monosaccharides impairs V. cholerae biofilm formation at the monolayer stage. These environmental signals have been identified as activators of vps gene transcription that are responsible for synthesis of the Vibrio polysaccharide (VPS) and biofilm formation (76) . In contrast, Ca 2ϩ was found to enhance vps-independent biofilm formation, with removal of Ca 2ϩ (freshwater is calcium poor) resulting in the disintegration of V. cholerae biofilms as well as the biofilms of several other Vibrio species (77) . The finding suggests that environmental activators of vps-dependent biofilm development are present in freshwater in association with arthropods while environmental activators of vps-independent biofilm development are present in calcium-rich seawater (76) . Vibrio vulnificus also exhibits a differential dependency of attachment on environmental conditions, with nutrient and glucose availability but not sodium chloride availability of the marine environment serving as factors altering adherence (101) . Additional environmental cues include osmolarity, pH, and divalent ions (Table 1) .
Factors signaling host-specific environments also influence attachment to biotic surfaces, but their effects may vary between different bacteria. For instance, indole, which is prevalent in the gastrointestinal tract, has been proposed to act as an extracellular signal molecule influencing biofilm formation in a range of bacteria. In V. cholerae, indole has been shown to activate genes involved in VPS production that are essential for vps-dependent biofilm development (114) . In E. coli O157:H7, indole has the opposite effect of reducing attachment to both abiotic surfaces and epithelial cells (8) . While mucin is thought to enhance P. aeruginosa attachment and biofilm formation in the lungs (88) , it serves to promote planktonic growth of Helicobacter pylori within the stomach environment (25) . Observations such as these underscore the importance of extracellular cues in driving attachment but also caution against making generalizing conclusions regarding the universal impact of particular environmental conditions on adherence capabilities of various bacterial species.
THE FIRST CONTACT
Biofilm formation is initiated with surface attachment by planktonic, free-swimming bacteria. Using primarily glass or plastic surfaces, microscopic studies as well as genetic analyses have shown that the initial surface attachment phase by many bacteria proceeds in two distinct steps (2, 20, 104, 124, 140) , which are referred to as the reversible and irreversible attachment stages. In the first step, known as reversible attachment, cells are loosely attached via a single pole and may readily detach and return to the planktonic phase. During this phase, bacteria can be rapidly spinning, vibrating, or moving across the substrate surface. Spinning is an indication of flagellar attachment to the substrate (140, 155) , with the bacterium rotating around its axis. In addition to Brownian motion, some bacterial cells in contact with the surface exhibit a jerky type of motion called twitching motility, which requires pili. Adhesins, such as pili and flagella, assist in making the first physical contact with the surface, probably by allowing bacteria to overcome the hydrodynamic boundary layer caused by drag and frictional forces at the surface and to overcome the repulsive force due to the overall net negative electrostatic charge of bacterial cells and the surface (reviewed in references 55 and 130) (Fig. 1) .
Recent evidence suggests, however, that the flagellum does not simply act as an adhesin, as the presence of flagella or flagellummediated swimming alone is not sufficient to explain the role of the flagellar apparatus in biofilm formation. Evidence for this was provided by several research laboratories (92, 155, 156, 163) and is exemplified by findings of Van Dellen et al. (160) demonstrating that while V. cholerae O139 flagellar mutants show reduced attachment, they eventually form a robust monolayer biofilm. In contrast, monolayer formation was severely impaired in the absence of the flagellar motor. The P. aeruginosa genome encodes only one flagellum and one motor but two flagellar stators, MotAB and MotCD, which are the static elements of the bacterial motor, providing energy to turn this appendage and therefore propel the cell through its environment. While either flagellar stator is sufficient for swimming, both are necessary for surface-associated swarming motility (156) . Moreover, mutations in either MotAB or MotCD render P. aeruginosa defective in attachment in both static and flow cell systems. While both the MotAB and MotCD stators play a role in initial polar attachment to the surface (reversible attachment), MotAB also participates in the downstream irreversible attachment, with inactivation of motAB, but not motCD, significantly increasing the percentage of cells transitioning to the irreversible attachment stage, as indicated by cells attached along their axis to the surface (155) . Both MotAB and MotCD affected the flagellum reversal rate, which is significantly increased upon deletion of the flagellar stators, resulting in increased surface movement (155) . Similar observations were made in Listeria monocytogenes by comparing the wild type with flagellum-lacking and paralyzed-flagellum mutants (92) . In Vibrio parahaemolyticus, it has been shown that restricting flagellar rota-tion (by close proximity of the bacterium with a surface) induces a signal transduction cascade that prepares this organism for swarming across a surface (99, 100) . The findings demonstrated a role of flagellar rotation in attachment. But why is the rotation of the flagellum rather than the flagellum itself so important for attachment? Taken together with the findings described above, reports establishing a link between flagella and polysaccharide production suggest that the flagellum serves as a mechanosensor for adhesion, with restriction of flagellar rotation (accomplished following contact with the surface) triggering events, including surface-associated motility (e.g., twitching) and the expression of genes involved in polysaccharide biosynthesis, that allow bacteria to enable a more permanent association with the surface. Contributing to the evidence of a link between flagella and polysaccharide production, Hickman and Harwood (60) demonstrated an inverse relationship between flagellum biosynthesis and polysaccharide biosynthesis in P. aeruginosa PAO1, with FleQ, known to activate expression of flagellum biosynthesis genes, repressing the transcription of genes, including the pel operon involved in Pel polysaccharide biosynthesis. Moreover, Garrett et al. (48) observed that in P. aeruginosa, the alternative sigma factor AlgT, essential for the production of the exopolysaccharide alginate, also modulates fliC expression upon surface attachment, probably by activating a negative effector of flagellum synthesis. Similar observations have been made in other biofilm-forming species (14, 94) , thus demonstrating that flagellar movement acts on biofilm formation by a feedback mechanism in the regulation of exopolysaccharide production (Fig. 1) .
The importance of surface-associated motility has been implicated in contributing to structural differences in biofilm architecture, with limited surface motility resulting in biofilms characterized by increased biomass accumulation and more-extensive three-dimensional architecture. This is exemplified by work by Kirisits et al. (79) , who compared surface-associated behaviors of P. aeruginosa wild-type and sticky (ST) small-colony variants, with ST variants forming biofilms with more biomass and a three-dimensional architecture distinct from that of wild-type biofilms. In this work, the movements of 70 randomly selected, newly adherent wild-type and ST cells on a surface were tracked using time-lapse microscopy. The . The predominant ST squatter behavior was attributed to increased expression of genes related to type IV pilus biosynthesis and exopolysaccharide production (psl and pel) (79) . This work also exemplifies the events that take place once bacteria have made contact with the surface and the potential fates of cells following the transition: remaining surface attached, detaching from the surface, growing, or rejoining the surface.
Overall, it appears that during the initial attachment stage of surface colonization, the rate of attachment is greater than the rate of growth or the rate of detachment, with the rate of growth on the surface being quite slow (89) . Moreover, Klausen et al. (82) demonstrated that the development of mushroom-like multicellular structures in P. aeruginosa biofilms is dependent on type IV pili, providing additional evidence for surface motility contributing not only to attachment but also to the biofilm architecture.
BEING STICKY IS THE KEY
Biofilm cells are embedded in an extracellular polymeric substance (EPS) matrix composed of polysaccharide, extracellular DNA (eDNA), lipids, and proteins (reviewed in references 46, 47, and 139). Although EPS matrices are a large component of bacterial biofilms, their contribution to the stickiness of bacteria during attachment and to biofilm structure and function has been examined for only a few organisms. While less is known about lipids and proteins, it is now well established that eDNA assists in attachment. Whitchurch et al. (166) first demonstrated that P. aeruginosa PAO1 biofilm formation was significantly reduced under flowing conditions in the presence of DNase. eDNA has been subsequently shown to contribute to biofilm formation by clinical P. aeruginosa isolates as well as by a variety of bacterial species, including Staphylococcus epidermidis, through analyses of biofilm formation by lysis-defective mutants and of DNA removal from the biofilm matrix (67, 117, 133, 146, 150) . The contribution of eDNA to attachment and biofilm formation, however, appears to be temporal: experiments utilizing DNase I have suggested that cells in young PAO1 biofilms are held together by eDNA, whereas the cells in more-mature PAO1 biofilms are held together primarily by components other than eDNA (98, 166) . Subsequent microscopic investigations of mature P. aeruginosa biofilms stained with nucleic acid stains suggested a structural function of eDNA specific to the formation of mushroom-shaped microcolonies (5) . Exopolysaccharides can vary in their chemical and physical properties not only between bacterial species but between strains of a single species as well. P. aeruginosa is known to produce at least three different polysaccharides, namely, alginate, Psl, and Pel
FIG 1
Overview of events and factors playing a role in enabling bacteria to transition to the surface-associated lifestyle at a solid-liquid interface. To accomplish contact with the surface, bacteria first have to overcome the hydrodynamic boundary layer and repulsive forces as they approach the surface. Factors that accumulate in the conditioning film, compared to those of the bulk liquid, contribute to the decision of whether to commit to the surface or to leave. Reversible attachment is characterized by cells loosely attached via a single pole (resulting in a spinning motion) that may readily detach and return to the planktonic phase. Twitching motility is also observed. Surface contact is sensed via flagellar rotation being impeded due to close proximity and/or surface sensory proteins (e.g., NlpE). Transition to irreversible attachment is indicated by cells attached to the surface along their axis, with the resulting reduction in flagellar rotation triggering increased polysaccharide production and, potentially, c-di-GMP levels. This is followed by cells showing an aggregative behavior indicated by cell-to-cell contact and induction of quorum sensing. While the timing of events during this attachment stage has not been fully explored, it appears that the Lap and the SadBC/BifA systems are essential for the transition to the irreversible attachment stage.
(the structure of Pel is unknown). Early reporter studies by Davies and Geesey (33) demonstrated that the expression of algC, a gene required for alginate and lipopolysaccharide (LPS) biosynthesis, is activated as early as 15 min after the bacterial cell attaches to either a Teflon or a glass substratum. The surface-dependent induction of algC expression correlated with stability of attachment, with cells that did not undergo algC upregulation demonstrating reduced ability to remain attached to the surface relative to that of cells with activated expression (33) . While these findings suggested increased alginate production upon attachment, with alginate production contributing to biofilm resistance and being inversely linked to both flagellum-driven motility and twitching motility (48, 139, 165) , it is now apparent that alginate is neither the major matrix polysaccharide nor required for biofilm development by nonmucoid P. aeruginosa strains, which are the first to colonize CF patients (121, 144, 167) . Instead, recent chemical and genetic studies have demonstrated that the major polysaccharides produced by P. aeruginosa strains PAO1 and PA14 are Psl and Pel, with the roles of these two polysaccharides differing with respect to attachment and biofilm formation in a strain-specific manner. In strain PAO1, while Pel plays no role in attachment or biofilm development, Psl contributes to attachment to glass and mucincoated surfaces and was demonstrated by Colvin et al. (26) to be the primary structural polysaccharide essential for biofilm maturation. Strain PA14, which does not produce Psl, does not require Pel for surface attachment (26) . Instead, the Pel polysaccharide plays a role only once cells have made initial contact with the surface, as a loss of Pel was shown to not affect biofilm initiation but to impair biofilm formation at the monolayer stage (26) . Time-lapse microscopy demonstrated that the absence of cell aggregates was likely due to ⌬pel mutants detaching from the substratum at a significantly increased rate compared to that of the wild type. Using an elegant assay involving optical tweezers to trap bacteria on a glass surface (in a confined space), followed by release after 5, 20, and 45 min, Colvin et al. (26) were able to demonstrate that under the conditions tested, wild-type cells readily aggregated while ⌬pel mutants failed to do so even after extended trapping time. The findings suggested that Pel serves as a primary structural scaffold for PA14 biofilms. The disparate roles of Pel and Psl polysaccharides are further made apparent by the difference in the expression profiles of the respective genes. While psl biosynthetic genes appear to be constitutively expressed, pel genes were found to be induced upon attachment and biofilm formation (26) . These findings of the diverse roles of polysaccharides in attachment by P. aeruginosa are typical of other biofilm-forming bacteria, such as E. coli, in which adherence capabilities and biofilm formation are differentially dependent on colanic acid and ␤-1,6-N-acetyl-D-glucosamine (PGA). Using a genetic approach, Danese et al. (30) demonstrated that the production of the polysaccharide colanic acid is not required for E. coli K-12 attachment to abiotic surfaces. Rather, colanic acid was found to be critical for the formation of complex three-dimensional structures. In contrast, PGA was shown to be required for permanent attachments and cell-to-cell interactions, as determined using a gravity displacement assay combined with a fast Fourier transform analysis (3) .
Numerous other polysaccharides have been identified to contribute to attachment and biofilm formation. It is of interest to note, however, that not all polysaccharides help biofilms stick to surfaces. In fact, a surprising number of polysaccharides in Vibrio spp. appear to have negative roles. For example, loss of the group 1 capsular polysaccharide (CPS) in V. vulnificus is associated with increased attachment and, subsequently, reduced biofilm formation (23, 73) . V. cholerae O139 contains a locus with genes for CPS and lipopolysaccharide (LPS) O antigen biosynthesis that also plays a negative role in biofilm formation (77) . A third example is a putative O antigen CPS locus of V. parahaemolyticus, VP0214-VP0237, whose loss increases attachment (43) .
MODULATION OF CYCLIC DI-GMP
Induced expression of genes involved in polysaccharide production is indicative of bacteria transitioning to the irreversible attachment stage, which is also marked by a reduction in surfaceassociated swarming behavior. It has become apparent that these changes are linked to the ubiquitous intracellular messenger signaling molecule bis-(3=-5=)-cyclic di-GMP (c-di-GMP) (reviewed in references 29 and 58). First described to control extracellular cellulose biosynthesis in Acetobacter xylinum, high c-di-GMP levels are now known to correlate with the motile-sessile transition in several microorganisms (32, 69, 112, 136-138, 142, 152) . Modulation of c-di-GMP has furthermore been linked to biofilm dispersion (9, 50, 112, 152) , a mechanism used by biofilm bacteria to successfully transition to the planktonic growth state (140) . C-di-GMP production and degradation are controlled by diguanylate cyclases (DGCs) and phosphodiesterases (PDEs), respectively, with overexpression of these enzymes generally causing global effects.
The genome of P. aeruginosa PAO1 encodes 17 different proteins with a DGC domain, 5 with a PDE domain, and 16 that contain both of these domains (86) . While the majority of these were not found to have an effect on biofilm formation under static conditions during a mariner transposon mutant screen, insertions in a number of genes encoding DGCs reduced (PA1107, PA1181, PA1433, PA1727, and PA3702) or abolished (PA0169, PA1120, PA4959, and PA5487) attachment (86) . In contrast, increased attachment coinciding with pellicle formation was observed for potential DGC-PDE mutants (PA0861, PA3311, PA4367, and PA5017). Insertions in genes encoding only PDE domains, with the exception of pvrR, did not cause a biofilm-related phenotype under the conditions tested (86) . Among the identified DGCs playing a role in attachment was WspR (PA3702). WspR is part of the Wsp chemosensory signal transduction system, which operates to produce c-di-GMP as its effector output function. The Wsp system is homologous to chemotaxis systems and includes a membrane-bound receptor protein, WspA, and a response regulator GGDEF protein, WspR, that catalyzes c-di-GMP synthesis when phosphorylated and upon contact with surfaces (61) . In addition to controlling the adhesiveness of P. aeruginosa upon surface contact, WspR is also linked to regulation of the chaperone usher pathway (cup) genes that encode putative fimbrial adhesins. These genes have been demonstrated to be required for biofilm formation in P. aeruginosa (158, 159) and to be inversely controlled by the EAL-containing PvrR response regulator (106) . Mutations in a gene called wspF, part of the Wsp chemosensory signal-transduction operon, have been shown to result in cell aggregation and altered colony morphology, a phenotype which correlated with increased cellular levels of c-di-GMP and increased biofilm formation. Transcriptomic analysis suggested that the wspF mutant phenotype can be attributed to increased expression of the pel and psl operons, which were among at least 560 genes with affected expression in this strain (61) . Expression of a protein predicted to catalyze degradation of c-di-GMP (e.g., PvrR) reversed the phenotype of a ⌬wspF mutant and inhibited biofilm initiation by wild-type cells, indicating that the presence of c-di-GMP is necessary for biofilm formation (42, 61) . A mutant screen in Yersinia pestis resulted in the identification of three c-di-GMP-modulating proteins playing a role in attachment and biofilm formation, including the DGC HmsT and the PDE HmsP, which inversely regulate biofilm formation by controlling the synthesis of the polysaccharide poly-␤-1,6-N-acetylglucosamine, both in vitro and in the foregut of its flea vector, as well as y3730, encoding a functional DGC (13, 148) . While c-di-GMP is an important factor in driving cell-surface and cell-cell interactions, Starkey et al. (145) demonstrated that elevated c-di-GMP levels alone are not sufficient to alter the expression of all of the genes affected following wspF inactivation. Using a ⌬wspF single mutant and a nonaggregative ⌬wspF ⌬pel ⌬psl triple mutant, they demonstrated that the regulation of multiple genes is actually dependent on the aggregative phenotype rather than c-di-GMP overproduction.
Effects of c-di-GMP on cellular behaviors are likely accomplished through its binding, triggering posttranslational modulation of the functions of certain regulatory proteins. Many c-di-GMP-binding proteins playing a role in attachment harbor PilZ, FleQ, PelD, and PleD domains (reviewed in reference 58). PilZ domains have been discovered in sequences of polysacchariderelated proteins, including bacterial cellulose synthases and alginate biosynthesis protein Alg44, as well as proteins involved in flagellar motility, including the enterobacterial YcgR and firmicute YpfA protein families (58) . In E. coli, the c-di-GMP receptor YcgR has been shown to bind to the FliG subunit of the flagellum switch complex, with high levels of c-di-GMP inducing the counterclockwise bias in E. coli flagellar rotation, resulting in smooth swimming (44) . In P. aeruginosa PAO1, expression of flagellum biosynthesis genes is under the control of the c-di-GMP-binding protein FleQ. While activating flagellum gene expression, FleQ represses pel transcription at low c-di-GMP levels (under planktonic, free-swimming growth conditions), with its inhibitory effect on pel transcription negated when intracellular c-di-GMP levels are high (60) . Pel polysaccharide biosynthesis is furthermore regulated in P. aeruginosa by the c-di-GMP receptor protein PelD (91) . Recently, a novel c-di-GMP protein that triggers attachment by inducing polysaccharide production was identified in V. cholerae (83) . This work demonstrated that the transcriptional regulator VpsT directly senses c-di-GMP to inversely control Vps polysaccharide production and motility. The effect on VpsT, the master regulator for biofilm formation, was found to be due to a change in oligomerization upon c-di-GMP binding rather than phosphorylation (83) .
While c-di-GMP has been emerging as an important contributor to attachment and biofilm formation, the inducing signals and the timing of c-di-GMP level modulation are poorly explored. What induces a change in c-di-GMP levels? Is the increase in c-di-GMP levels triggered upon surface contact (reversible or irreversible attachment) or a prerequisite for attachment? Considering the link between c-di-GMP, flagellum biosynthesis, and polysaccharide production, it is likely that c-di-GMP levels are increased upon restriction of flagellar rotation (accomplished following contact with the surface). And if so, what would be the signal in nonmotile bacteria? The answers to these questions await future investigations.
LET'S MAKE IT PERMANENT: TRANSITION TO IRREVERSIBLE ATTACHMENT
The function of c-di-GMP and the proteins regulating its level expands beyond initial attachment, as a number of c-di-GMPassociated proteins have been identified as being required for more-permanent associations with surfaces. In P. aeruginosa, the proteins SadB, SadC, and BifA are required for the transition from reversible to irreversible attachment by regulating several surfaceassociated behaviors, including swarming, EPS production, and modulation of flagellar reversal rates via the chemotaxis cluster IV in a c-di-GMP-dependent manner. Merritt et al. (104) demonstrated that deletion of sadC, encoding an inner membrane-localized DGC, results in a hyperswarming strain defective in biofilm formation. The mutant was also deficient in polysaccharide production and displayed altered reversal patterns while swimming in high-viscosity medium, two behaviors proposed to influence biofilm formation and swarming motility. Similarly, SadB was found to inversely regulate biofilm formation and swarming motility via its ability to both modulate flagellar reversals in a viscosity-dependent fashion and influence the production of the Pel exopolysaccharide (19, 20) . The role of SadB in the transition to irreversible attachment was further confirmed by microscopic examination that revealed an increased number of sadB mutant cells adhering via the cell pole. Inactivation of bifA, encoding a c-di-GMP PDE, was shown by Kuchma et al. (84) to have the opposite effect, with ⌬bifA mutants demonstrating hyper-biofilm formation and severe swarming defects. The three proteins act in concert: SadC and BifA inversely modulate the respective intracellular pool(s) of cdi-GMP upon receiving the proper environmental cues (such as nutritional cues or contact with an appropriate surface) via SadC, with SadB being predicted to transmit this signal to the Pel machinery and components of the CheIV chemotaxis-like cluster. The CheIV-like cluster is one of five chemotaxis-like gene clusters in P. aeruginosa and is involved in twitching motility (45) .
C-di-GMP controls biofilm formation by Pseudomonas fluorescens strains Pf0-1 and WCS365 by promoting the cell surface localization of a large adhesive protein, LapA, that is exported out of the cell via an ATP-binding cassette (ABC) transporter composed of LapE, LapB, and LapC (Fig. 2) (62) . A similar system has recently been identified in Pseudomonas putida (50) . Time-lapse microscopy studies determined that ⌬lapA mutants (as well as other lap mutants) are unable to progress from reversible to irreversible attachment on abiotic surfaces that these organisms likely encounter in the environment (62) . Localization of the adhesin LapA is regulated posttranslationally by a c-di-GMP effector system consisting of LapD and LapG. lapD mutants are unable to retain LapA on the cell surface once secreted (118) (Fig. 2) . The inner membrane protein LapD contains enzymatically inactive DGC and PDE (EAL) domains, with c-di-GMP binding to the EAL domain serving as a signal that is communicated across the cytoplasmic membrane to the periplasmic domain of LapD via a HAMP relay (HAMP is a conserved domain present in histidine kinases, adenyl cyclases, methyl-accepting proteins, and phosphatases) (118) . This inside-out signaling mechanism by LapD triggers sequestration of the periplasmic protease LapG, thus preventing cleavage of the surface adhesin LapA (116, 118) (Fig. 2) . In contrast, the intracellular module of LapD assumes an inactive conformation in the absence of c-di-GMP, with the consequence that LapA is lost from the bacterial cell surface. The inside-out mechanism is further supported by the finding that a lack of LapD cannot be overcome by artificially elevating intracellular c-di-GMP levels through DGC overexpression. The findings strongly support observations by Merritt et al. (105) that changes in total levels of c-di-GMP cannot solely account for the specific surfacerelated phenotypes. This raises the question of which protein produces the c-di-GMP that is sensed by LapD. Using a transposon mutant screen, Newell et al. (119) showed that out of 28 DGCs encoded in the P. fluorescens genome, only two DGCs, GcbB and GcbC, appear to specifically produce the c-di-GMP pools that are sensed by LapD to promote LapA-dependent attachment. The P. fluorescens Lap system plays a role in the environmental modulation by inorganic phosphate of intracellular c-di-GMP levels and, thus, surface commitment (118) . Phosphate limitation results in conditional expression (via the pho regulon) of the PDE RapA, which serves as an inhibitor of biofilm formation by lowering c-di-GMP levels and consequently inactivating LapD and inhibiting the secretion of LapA (109, 118) (Fig. 2) . It is of interest to note that the Lap system is conserved in soil but not pathogenic pseudomonads and that it has not been linked to polysaccharide production or surface-associated motility.
In Caulobacter crescentus, transition between reversible and polysaccharide-mediated irreversible attachment is stimulated through the interplay between pili and flagellum rotation (94) . Reversible attachment of C. crescentus is mediated by motile cells bearing pili, with surface contact resulting in the rapid pilus-dependent arrest of flagellum rotation and the concurrent stimulation of polar holdfast adhesive polysaccharide. The holdfast is required for irreversible surface anchoring, with its formation depending on the DGC PleD and posttranslational regulation (94) . Similar stimulation of polar adhesin production by surface contact occurs in Asticcacaulis biprosthecum and Agrobacterium tumefaciens, indicating that single bacterial cells respond to their initial contact with surfaces by triggering just-in-time adhesin production (94) .
The finding of C. crescentus surface contact resulting in flagellum rotation arrest and subsequent induction of just-in-time adhesin production to allow irreversible surface attachment (94) demonstrates that bacterial adhesion to surfaces is not simply mediated by extracellular structures but that it also results in the induction of gene expression (reviewed in reference 85). The requirement for novel genes for attachment was first demonstrated by O'Toole and Kolter (125) , who showed that initial attachment by P. fluorescens WCS365 was significantly reduced when cells were pretreated with tetracycline at sublethal concentration or exposed to tetracycline present in the growth medium during attachment. Indications of bacteria being able to sense contact with a surface and, in response, alter gene expression to promote stable cell-surface interactions comes from studies with holdfast proteins in various bacterial species (Table 1) as well as the E. coli signaling system that responds to membrane stress, Cpx (Table 1) . Cpx is a two-component signaling pathway composed of the sensor kinase CpxA and the response regulator CpxR that responds to membrane stress (126) . Consistent with its role in surface sensing, the Cpx pathway is activated upon surface interaction, and both the ⌬cpxR and ⌬cpxA mutants form less stable cell-surface interactions and biofilms with less biomass compared to those of the wild type when grown in microtiter plates (40, 126) . The transduction of the signals through this pathway is dependent on the outer membrane proteins OmpA and NlpE, with the latter likely being the direct sensor of contact with a surface, resulting in differential expression of genes involved in cellulose and P-pilus biosynthesis (96, 126) .
LET'S TALK: INTERCELLULAR SIGNALING
Permanent associations with the surface have been linked to quorum sensing. Quorum sensing is a cell-cell communication process in which bacteria use the production and detection of extracellular chemicals called autoinducers to monitor cell population density. In general, Gram-negative bacteria use acylated homoserine lactones (AHLs) as autoinducers and Gram-positive bacteria use processed oligopeptides to communicate and to synchronize the gene expression and behaviors of the group (reviewed in references 21 and 120). These processes include symbiosis, virulence, competence, conjugation, antibiotic production, motility, sporulation, and biofilm formation. The role of quorum sensing in biofilm formation (and its inhibition) has been the subject of numerous research publications and reviews (for examples, see references 10, 12, 21, and 120), with quorum sensing playing a role as early as the attachment stage (Fig. 1) . This was first demonstrated by Davies et al. (35) by showing that a P. aeruginosa ⌬lasI mutant formed only flat, undifferentiated biofilms (monolayers) that, unlike wild-type biofilms, are sensitive to the biocide sodium dodecyl sulfate (SDS). Addition of the AHL synthesized by LasI restored wild-type biofilm formation and SDS resistance, indicating that the defect was a result of AHL absence. The Las quorumsensing system was demonstrated to be activated upon transition
FIG 2
Model for inorganic-phosphate (P i )-and Lap-mediated control of biofilm formation in soil pseudomonads. In high P i conditions (right), c-di-GMP accumulates in the cell, probably via the DGCs GcbB and GcbC. LapD binds c-di-GMP via its EAL domain and sequesters LapG at the inner membrane, promoting the maintenance of the LapA adhesin on the cell surface and, thus, fostering biofilm formation. When low extracellular P i is sensed (left) by the Pho system, activated PhoR promotes rapA transcription via PhoB. The PDE activity of RapA depletes cellular c-di-GMP and leads to the dissociation of c-di-GMP from LapD and a conformational change of LapD. In the absence of bound c-di-GMP, LapD is unable to interact with the protease LapG, and LapG, in turn, cleaves the N terminus of LapA in the periplasm, promoting its loss from the cell surface. Release of LapA from attached cells promotes their detachment from the substratum and bacteria returning to the free-swimming mode of growth. The model is based on structural and functional analyses (50, 62, 109, 116, 118) .
to the irreversible attachment stage, as determined by the onset of reporter activity for the lasB gene (140) .
Considering that both quorum sensing and c-di-GMP play critical roles in attachment and biofilm formation, it is not surprising that the two signaling processes converge. In describing the P. aeruginosa tyrosine phosphatase TbpA, Ueda and Wood (157) recently connected the two signaling processes with the synthesis of Pel polysaccharide and biofilm formation. The study showed a tbpA mutant to have increased biofilm biomass, correlating with decreased swimming and abolished swarming but increased attachment, aggregation, pellicle formation, Pel polysaccharide production, and c-di-GMP levels. TbpA, which promoted c-di-GMP production and pel gene expression, was found to be positively regulated by Las-mediated quorum sensing.
Quorum-sensing signaling also participates in the regulation of V. cholerae attachment to chitinous surfaces and intestinal substrates. Levels of the secreted attachment factor GlcNAc binding protein A (GbpA), necessary for adherence to these surfaces, are dependent on the central V. cholerae quorum-sensing regulator HapR, which activates the expression of genes encoding the secreted proteases HapA and PrtV that are involved in GbpA degradation (75) . Quorum sensing is also required for normal attachment and biofilm formation by the aquatic bacterium V. vulnificus (101) . Interestingly, in some species, such as Serratia marcescens, the requirement for quorum-sensing regulation of attachment depends on the nature of the surface, with adherence to abiotic but not biotic surfaces being modulated by quorum sensing (87) . Overall, the importance of quorum sensing in the regulation of cell-surface and cell-cell attachment has been repeatedly reported for a variety of other bacterial species, including E. coli, L. monocytogenes, Burkholderia cenocepacia, and Burkholderia cepacia (22, 37, 52, 64, 154) .
With quorum sensing playing a role in the motile-sessile transition, it is not surprising that intercellular signaling also modulates the reverse sessile-motile transition. The fatty acid messenger cis-2-decenoic acid (CDA) has recently been described to play a role in self-induced dispersion by P. aeruginosa biofilms (34) . This molecule is functionally and structurally related to the class of short-chain fatty acid signaling molecules that includes the diffusible signal factor DSF, which acts as a cell-to-cell communication molecule in Xanthomonas campestris (41) . Active at nanomolar concentrations, CDA was demonstrated to also induce dispersion of biofilms formed by a variety of Gram-negative and -positive bacteria as well as by Candida albicans. Davies and Marques (34) further demonstrated that CDA impaired the formation of biofilms at the monolayer stage. While the mechanism of CDA function was not explored, CDA is produced by planktonic and biofilm cells alike. The findings of CDA accumulation preventing biofilm formation may have important implications for biofilms grown in batch-like conditions (e.g., microtiter plate assays) and explain why one does not readily observe biofilms forming in batch culture flasks (following extended incubation times) but can easily spot biofilms forming on the walls of a chemostat.
NONCODING RNAS MATTER
How do bacteria perceive their environment at the surface? Bacteria use two-component system (TCS) signaling pathways to translate external signals into adaptive responses at the level of transcriptional or posttranscriptional regulation (reviewed in reference 107). The E. coli carbon storage regulator system (Csr), with the RNA-binding protein CsrA as the central player, exemplifies such an adaptive regulatory cascade. Csr is a global regulatory system that controls bacterial gene expression posttranscriptionally. Originally identified as a system to regulate glycogen biosynthesis, CsrA represses numerous genes associated with the stationary phase of growth but activates certain exponential-phase metabolic pathways. In addition, virulence, motility, cell surface properties, and adherence are modulated by CsrA in E. coli (reviewed in references 6 and 135), with CsrA acting as a repressor of biofilm formation (68) . Gene expression is controlled by CsrA binding to leader segments of target mRNAs, affecting their translation and stability. In the case of flhDC mRNA, which is required for flagellum biosynthesis, binding of CsrA to the leader of flhDC stabilizes the respective mRNA, with overexpression of csrA resulting in increased motility (164) . In addition, CsrA functions as a translational repressor capable of destabilizing mRNA transcripts, such as those associated with glycogen and PGA synthesis (6, 135) as well as those encoding NhaR, the transcriptional regulator involved in pga operon expression (128) . CsrA is antagonized by the small regulatory RNAs (sRNAs) CsrB and CsrC, which are transcriptionally modulated by the membrane-bound TCS BarA/UvrY. BarA/UvrY, also modulated by autoinducer-2 (AI-2) quorum sensing (120) , activates sRNA transcription in response to weak acids, such as formate and acetate, as well as perturbations in the levels of Krebs cycle intermediates (24) .
Many pathogenic bacteria, including P. aeruginosa, Salmonella enterica, H. pylori, Legionella pneumophila, and V. cholerae, rely on Csr-like systems to posttranscriptionally modulate diverse transcripts in order to control virulence mechanisms and group behaviors. Among the systems regulating attachment in P. aeruginosa, few have received more attention than the Csr system homolog-the LadS/RetS/Gac/Rsm signal transduction network. This intricate signaling system has been implicated as a switch between acute/planktonic and chronic/biofilm modes of growth by reciprocally regulating gene expression associated with type III secretion or type VI secretion and exopolysaccharide production. Ultimately, this system controls attachment and virulence via the CsrA homolog RsmA (18) . While RsmA is thought to elevate type III secretion system (TTSS) transcript abundance, binding of RsmA to the 5= untranslated region of psl mRNA was recently shown to prevent ribosome access and protein translation (66) . In P. aeruginosa, RsmA function is antagonized by the sRNAs rsmZ and rsmY, whose expression is directly controlled by GacA/GacS, the TCS homolog of the E. coli BarA/UvrY system (reviewed in reference 107). GacA/GacS function is, in turn, inversely controlled by the two-component hybrids RetS and LadS (53, 161) . RetS negatively controls rsmY and rsmZ gene expression, while LadS positively controls sRNA levels. Inactivation of retS was shown to result in hyperattachment with elevated Psl exopolysaccharide gene expression and suppression of the TTSS, with the phenotype abolished by a secondary mutation in gacS (53) . In contrast, LadS inactivation was found to result in decreased attachment, reduced Psl production, and elevated TTSS expression, suggesting that LadS may function to counteract RetS. While the mode of LadS function remains uncharacterized, RetS has been shown to reduce sRNA expression by interfering with GacS autophosphorylation through the formation of RetS/GacS heterodimers (54) . Although the reciprocal LadS/RetS regulation of rsmYZ levels via GacAS provides an elegant model of the regulation of the motile-sessile switch by P. aeruginosa, increasing evi-dence is suggesting that this system is far more complex. Additional components were recently identified as HptB and SagS.
Inactivation of hptB was observed to enhance attachment in P. aeruginosa PAK but not PAO1 parental strain backgrounds, indicating potential strain-specific differences in the fine-tuning of the Gac/Rsm signaling (16, 129) . HptB is proposed to regulate rsmY levels in a GacA-dependent manner via as-yet-unknown factors (16) . This, however, is not true of SagS, a sensor-regulator hybrid that participates in a phosphotransfer event with HptB (63, 95) and is involved in the regulation of attachment and biofilm formation (129) . SagS suppresses sRNA levels predominantly under planktonic growth conditions, with inactivation of sagS resulting in a temporary enhancement of attachment but a defect in the later stages of biofilm formation (129) . Moreover, the ⌬sagS phenotype superseded those of both the gacA and rsmYZ mutants, suggesting that SagS represents a novel level of Gac/Rsm regulation of attachment (129) .
Considering that the multicomponent Csr and Gac/Rsm systems inversely control attachment (and polysaccharide production and adhesiveness) and virulence, it has been suggested that they act as a genetic switch that reciprocally regulates free-swimming and surface-attached lifestyles as well as acute and chronic infections (6, 107, 135) . Unfortunately, the signals perceived by the Gac/Rsm system or SagS are not known. Sequence analysis of LadS and RetS suggested that the two hybrid sensors harbor a signaling domain consisting of a 7-transmembrane region (7TMR) and a periplasmic sensor domain (diverse intracellular signaling module extracellular 2 [DISMED2]). The latter domain is believed to act as a receptor for carbohydrates and their derivatives. The structure of the periplasmic RetS sensory domain has recently been solved and was found to be similar to carbohydratebinding modules found in other proteins (162) . This observation suggests that RetS, and probably also LadS, responds to carbohydrate-like structures.
The Gac/Rsm system and c-di-GMP signaling are probably two of the best-characterized intracellular regulatory mechanisms driving adherence in pathogenic bacteria. Yet the relationship between the two has remained elusive, especially in P. aeruginosa. The first indication of an association between a Csr system and c-di-GMP levels came with the characterization of the GGDEF and EAL domain-containing protein CsrD, which targets the sRNAs csrB/csrC for degradation by RNase E (149). While CsrD is not directly involved in c-di-GMP synthesis or turnover, it requires both the GGDEF and the EAL domains for its function (149) . The domain requirement is reminiscent of LapD, and it is likely that c-di-GMP-driven conformational change (but not an inside-out mechanism) is associated with CsrD targeting sRNAs for RNase E-mediated degradation (149) . The relationship between Csr/Rsm regulation and c-di-GMP signaling has been strengthened by the findings of CsrA regulating the expression of proteins containing the GGDEF, GGDEF-EAL, and EAL domains in E. coli and Salmonella enterica serovar Typhimurium via direct binding to the mRNA leaders of the respective genes (70, 71) . Although a link between Gac/Rsm regulation and cyclic-di-GMP has recently been established in P. aeruginosa, the relationship remains poorly understood in this organism. Moscoso et al. (113) demonstrated that the type III to type VI secretion virulence switch mediated by RetS is dependent on and can be mimicked by changes in c-di-GMP levels. While this study did not directly assess effects on adherence, given the mode of RsmA regulation of targeted secretion and exopolysaccharide transcripts, it is likely that Gac/Rsm regulation of attachment is also dependent on c-di-GMP signaling.
IS ATTACHMENT AN INDICATOR FOR BIOFILM FORMATION?
Biofilms are thought to be the underlying cause of many chronic infections, including those in wounds and in the lungs of patients with cystic fibrosis. The switch from the free-swimming to the surface-associated mode of growth has been linked to global shifts from acute virulence to chronic infections. It is thus not surprising that attachment is considered an important step for controlling biofilm development and, thus, chronic and persistent infections. It follows that attachment is biofilms' Achilles' heel that is essential for biofilm formation and crucial pathogenic functions. But is attachment (or the lack thereof) indeed an indicator for biofilm formation? Does reduced attachment indicate impaired biofilm development and vice versa? The answer is a clear "maybe," as some genetic determinants appear to play only a temporary role. For example, loss of flagella has been shown in numerous bacteria to significantly reduce attachment, while continued incubation led to the formation of a robust monolayer and biofilms (160) . Although P. aeruginosa ⌬retS mutants exhibit a hyperattachment phenotype, they are impaired in biofilm development upon continued incubation under flowing conditions. In fact, all components of the Gac/Rsm system appear to have opposite effects on attachment and biofilm formation, including GacA, GacS, RetS, RsmY, and RsmZ. A similar disconnect between attachment and biofilm development was found for SagS. Inactivation of sagS coincided with hyperattachment and the planktonic-stage-specific increase in rsmYZ levels and Psl polysaccharide production (129) . However, these phenotypes were only temporary, with the difference in attachment diminishing upon continued surface exposure. Using microscopy-based and proteomic approaches, the ⌬sagS mutant was found to be arrested in the transition to the irreversible attachment stage (129) .
Additional factors have been shown to not affect attachment but to impair further biofilm development once the monolayer stage has been reached. Bomchil et al. (15) reported on the identification of MbaA, a member of a family of regulatory proteins containing GGDEF and EAL domains. Although the absence of mbaA did not significantly affect the initial attachment of V. cholerae cells to the surface, it led to the formation of biofilms that lack the typical structure, including the pillars of cells separated by fluid-filled channels that are evident in many mature wild-type biofilms, including those of V. cholerae. Microscopic analysis indicated that monolayer formation of the ⌬mbaA mutant correlated with increased amounts of extracellular matrix material in the mutant biofilms. Similarly, a lack of the Pel polysaccharide in P. aeruginosa strain PA14 was shown to not affect attachment but to impair biofilm formation at the monolayer stage (26) . In contrast, an alginate-overproducing P. aeruginosa strain was found to be impaired in attachment but demonstrated significantly enhanced biofilm and microcolony formation (56) .
There are also some inconsistencies in the role of other factors in attachment. For instance, the sigma factor RpoS is a positive regulator of psl gene expression in P. aeruginosa (66) , yet inactivation of rpoS has been correlated with more-substantial biofilm biomass accumulation compared to that of the wild type (59) . Similarly, P. aeruginosa rpoN mutants are capable of forming biofilms but are impaired in attachment while demonstrating in-creased production of sadB, which is essential for attachment (20, 57, 143, 151) . SadC has been demonstrated to contribute to attachment. However, while inactivation of sadC by transposon mutagenesis in P. aeruginosa PA14 was shown to result in increased attachment and pellicle formation (86) , deletion of sadC in the same parental strain rendered the mutant impaired in biofilm formation (104) . It is likely that such inconsistencies arise from differences in parental strains or in the manner in which mutants were generated or from differences in growth conditions and experimental setup or that it may simply be a question of when over the course of the biofilm developmental process the biofilm formation capabilities were analyzed. However, these inconsistencies also underscore the finding that biofilms form in a complex and regulated manner in a process that one may call a developmental progression (110) .
CONCLUDING REMARKS
This review, aimed at giving an overview of factors involved in attachment, is by no means complete and may occasionally present conflicting information. It is apparent from the above-reviewed literature that the mechanism of initial attachment to surfaces is a complex process involving several factors. While inactivation of a single factor may impact the transition from the free-swimming to the surface-attached mode of growth, each factor can be considered a part of a larger regulatory network to accomplish bacterial initial attachment. For instance, while bacterial flagella play a role in making the first contact, their rotation (or inability to do so) at a surface is providing the signal in many species to induce expression of polysaccharide genes to accomplish a more permanent surface interaction. Polysaccharides, which are regulated by intracellular c-di-GMP levels and the Csr/ Rsm systems, in turn, create a negative feedback loop modulating flagellum-driven motility. Considering that bacteria first interact with the surface as single cells (rather than with each other), it is not surprising that the function of some components (e.g., flagella) is restricted to the attachment stage. In conclusion, future work needs to focus on the integration of the known signals triggering attachment and the factors required for adherence into regulatory cascades that translate specific cues and signals into cellular processes driving the motile-sessile switch.
